Executive Summary
The Regional Energy Deployment System (ReEDS) capacity expansion model is frequently used to project the evolution of the U.S. power sector under a wide range of conditions. However, the model's capacity expansion decisions have never been evaluated against historical capacity expansion decisions. In this work, we perform a model validation exercise, comparing capacity expansion decision from ReEDS for 2010-2016 against the actual buildout of the electricity sector. We find that with three key adjustments ReEDS is able to reproduce national-level results with reasonably high accuracy (see Figure ES-1) . Those three adjustments are to use historical average planning reserve margins instead of the NERC-recommended reserve margin levels, using actual financing costs rather than long-term average financing costs, and disallowing the lowest-cost hydropower upgrades, geothermal sites, and compress-air energy storage sites. We also compare the ReEDS results at a state-level and find that state-level results can be better represented by including a hurdle rate (cost penalty) for transferring power between regions. The improved results with that hurdle rate indicate that the ReEDS transmission representation is likely not sufficiently stringent and should be improved. Overall these results show that with the improvements described above, ReEDS can effectively reproduce historical capacity additions, which increases our confidence in using the model in making forward-looking projections.
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Introduction
The Regional Energy Deployment System (ReEDS) model is a large-scale capacity expansion model of the electricity sector. ReEDS has been used for a wide variety of electricity-sector studies including the SunShot Vision Study (DOE 2012) and subsequent SunShot 2030 analysis work , the Wind Vision Study (DOE 2015) , the Hydropower Vision Study (DOE 2016) , analysis of tax credit extensions , renewable portfolio standards analysis (Mai, Wiser, et al. 2016) , Clean Power Plan analysis (Cole et al. 2015) , crossborder trade analysis (Beiter, Cole, and Steinberg 2017) , high penetration renewable energy analysis (Mai et al. 2012) , rooftop PV tariff and deployment impacts , and assessing the impact of clean energy research and development on power sector evolution . 1 The ReEDS model has been under continuous development at NREL for over 15 years (Short et al. 2003; Eurek et al. 2016) . One key piece of model development and use is model verification and validation. Verification and validation are used to ensure a model has sufficient accuracy that it can be used to analyze the real system it attempts to represent. Because capacity expansion decisions happen over long time scales, it is challenging to validate planning models such as ReEDS, and to date model validation has not been feasible because the ReEDS model has not been used over a sufficient number of historical years to perform a validation exercise. However, with ReEDS currently solving from 2010-2050, enough time has now passed that we have sufficient historical data to attempt a comparison between ReEDS model outputs and actual historical builds.
Validating large-scale, long-term planning models is challenging for a number of reasons. First, models such as ReEDS are very large. For example, in any given solve year ReEDS typically has 3-4 million decision variables, and attempting to validate results across all variables would not be practical. Second, compiling robust data for historical years can be challenging, making comparisons with model outputs an imperfect exercise. Differences in reporting requirements coupled with the wide variety of entities or organizations who interact with the power sector make it difficult to create fully accurate historical data sets of simple capacity expansion model inputs such as electricity demand, electricity generator costs, and policy requirements. Third, investment decisions in the power sector are made both on actual realized values as well as perceptions or anticipation of how those values might change over time. For example, a utility or investor may consider expected (but not yet enacted) policies when evaluating alternative investment options.
The purpose of this paper is to evaluate the performance of ReEDS in making capacity build decisions. We focus here on only new build decisions, and do not explicitly consider operational decisions, though any new build decisions are obviously impacted by how the model chooses to operate the generators. There is separate ongoing work that is evaluating the dispatch and operational decisions within ReEDS. We first provide a brief description of the ReEDS model (Section 2), then outline our model testing procedure (Section 3) and show the ReEDS results compared to historical results (Section 4). We conclude with a summary and set of recommendations for future model improvements (Section 5).
ReEDS Model Description
ReEDS simulates the expansion and operation of generation and transmission capacity from present day to 2050 across the contiguous United States (see Eurek et al. (2016) and for detailed descriptions of ReEDS).
2 ReEDS selects the regional mix of technologies that meets physical and policy requirements of the electric sector at least cost. Model results are based on total system costs, which account for the type and location of fossil, nuclear, renewable, and storage resource development; the transmission infrastructure expansion requirements of those installations; and the generator dispatch and fuel needed to satisfy regional electricity consumption requirements and maintain grid system adequacy. ReEDS also accounts for technology, resource, and policy considerations such as state renewable portfolio standards (RPS). Because ReEDS does not explicitly model distributed generation, we also use the Distributed Generation (dGen) model , a consumer adoption model for the contiguous U.S. rooftop, distributed PV market.
The primary outputs from ReEDS include the amount, type, year, and location of generator capacity; generation from each technology; storage capacity expansion; and transmission capacity expansion needed to satisfy regional electricity consumption requirements and maintain grid system adequacy. The generation and storage technologies modeled in ReEDS include coalfired (pulverized coal with and without scrubbers, biomass cofiring, and integrated gasification combined cycle with and without carbon capture and storage), natural-gas-fired combined cycle (NG-CC) and combustion turbine (NG-CT), oil/gas steam (OGS), nuclear, wind (land-based and offshore), biopower, geothermal, hydropower, utility PV, concentrating solar power (CSP) with and without thermal energy storage, pumped-hydropower storage, compressed-air energy storage (CAES), and utility-scale batteries.
ReEDS represents the electric sector with high spatial resolution to enable comparative electricity sector cost evaluation based on local costs, regional pricing, and the relative value of geographically and temporally constrained renewable power sources. The model divides the contiguous United States into 134 "balancing area" regions, wherein electricity supply and consumption are balanced and planning reserves are enforced. ReEDS also characterizes the quality, variability, uncertainty, and geographic resource constraints of renewable resources across these 134 regions; wind and CSP technologies are further characterized into more resolved sub-regions (see Figure 1 ). Long-distance transmission is represented as corridors between most adjacent or near-adjacent modeling balancing area regions, and ReEDS models both existing and new transmission capacity on these inter-region corridors. ReEDS also models the intra-region "spur line" transmission costs required to connect renewable capacity to substations or load centers.
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Figure 1. Map of the ReEDS balancing areas including wind and CSP resource subregions
ReEDS is temporally resolved into 17 "time slices" that each reflect a set of hours in each day within a season. For each two-year solution interval from 2010 to 2050, ReEDS dispatches all generation in each of these 17 time slices to capture seasonal and diurnal electricity load and renewable generation profiles. ReEDS represents generation, operating reserves, and curtailment at this 17 time slice resolution. Additionally, ReEDS uses hourly wind, PV and load profiles to estimate the contribution of wind and PV to meet peak demand requirements ).
Specific elements of ReEDS that are especially relevant for this model validation exercise include:
• ReEDS is a sequential model that only solves for even years. Although ReEDS solves from 2010-2050, we can only compare years 2010, 2012, 2014, and 2016 to historical data.
• ReEDS has limited foresight to future conditions. ReEDS has foresight into future natural gas or carbon prices (if applicable), but not into load growth, policy timelines (such as the production or investment tax credit), or technology cost changes.
• ReEDS is a purely linear model.
• ReEDS uses system-wide optimization based on minimizing overall system costs. It does not model individual actors or profit-maximizing agents.
• ReEDS does not currently have the capability to convert units from one type to another (e.g., convert a coal plant to run on natural gas) or to uprate units.
Overview of Model Testing
For historical years (2010-2016), we prescribe all capacity additions in ReEDS according to the online dates, technology types, locations, and capacities from the ABB Velocity Suite Database (ABB 2017). Thus, ReEDS is not allowed to make investment decisions until the 2018 solve year. 3 In order to perform this model testing exercise, we do not enforce those prescriptive capacity additions and gave ReEDS the ability to begin making investment decisions in 2010. By doing this, all capacity additions are selected through the ReEDS optimization. However, several other model features were left unchanged as described below:
Retirements: ReEDS retirements are prescribed based on actual retirement dates, announced retirements, or on lifetime. Because retirements are not model decisions, we do not change our treatment of retirements for our test scenarios, and therefore retirements will be represented with full accuracy. Transmission: Transmission capacity additions are prescribed through 2016. Those prescriptive capacity additions were left unchanged for these model tests. Historical data: Historical data for conventional generator cost and performance, load growth, and fuel costs were taken from EIA Annual Energy Outlooks (AEO) 2012-2017 (each AEO has historical data from the two years prior) at the national (for generator cost and performance) or census region level. No attempt was made to gather more granular data (e.g., state-level demand data, hub-level fuel prices), and data were not disaggregated below the annual levels reported in the AEOs. Rooftop PV: Rooftop PV is input exogenously into ReEDS based on projections from the dGen model ). Because this model testing only focuses on the ReEDS model and not on dGen, we leave the rooftop PV projections as exogenous.
Historical cost and performance data for wind were taken from Wiser and Bolinger (2017) and for Solar PV from Fu et al. (2017) and Bolinger, Seel, and LaCommare (2017) . The production and investment tax credits were implemented for eligible technologies for all years from 2010-2016. Because ReEDS only has limited foresight, no attempt was made to capture anticipated changes in the market, such as the expiration of tax credit policies or that load might grow at a greater rate than what was observed empirically.
To perform the model testing, we ran 7 scenarios in ReEDS, solving only for years 2010-2016:
Prescribed. This scenario uses the prescribed new builds from the ABB Velocity Suite Database (ABB 2017) and does not allow ReEDS to build new generators. This scenario serves as the scenario with the "true" buildout of capacity, and it is the only scenario in which historical builds are enforced. Default. This scenario uses the default settings in ReEDS as described above. In other words, this scenario shows the ReEDS buildout when ReEDS makes all the investment decisions from 2010-2016 without changing any model inputs or functionality.
PRM. This scenario uses the observed long-term average planning reserve margin (PRM) instead of the NERC recommended levels for PRM. Figure 2 shows how the PRMs differ when using this long-term average PRM. Financing. This scenario uses the current estimates for rate of return on equity and interest rates, taken from the 2017 Annual Technology Baseline (NREL 2017). These financing values result in a nominal weighted average cost of capital (WACC) of 5.4%. The Default scenario, on the other hand, uses long-term averages financing values that result in a nominal WACC of 8.1%. Restricted. This scenario disallows the buildout of new geothermal plants, hydropower upgrades, and CAES plants. Revised. This scenario combines the PRM, Financing, and Restricted scenario settings into a single scenario. In other words, the Revised scenario uses the long-term average PRM, the current financing values with a WACC of 5.4%, and does not allow new geothermal, hydropower upgrades, and CAES. Revised+Hurdle. This scenario is the same as the Revised scenario, except that it also includes a $10/MWh hurdle rate for transferring power between ReEDS balancing areas (see Figure 1) . The hurdle rate increases the cost of moving power between regions. 
Results
The result of allowing ReEDS to make all generator investment decisions is shown in Figure 3 and Figure 4 . On an aggregate basis ( Figure 3 ) there is relatively little difference between the Prescribed scenario and the two Revised scenarios. That is because less than 15% of the total capacity at the end of 2016 was built between 2010 and 2016. Figure 4 shows just the new capacity additions from 2010-2016 in the Prescribed and Revised scenarios. The overall capacity added to the system is approximately 5% greater in the Revised scenarios. Figure 5 and Figure 6 provide the same information as Figure 3 and Figure 4 , respectively, but compare the results by technology. Again, on an aggregate basis ( Figure 5 ) the technologies are well aligned, but one can begin to see differences more easily when comparing only the new builds ( Figure 6 ). For example, coal and nuclear plant options are not chosen by ReEDS. The new nuclear capacity is a combination of plant uprates and the second unit of the Watts Barr nuclear power plant that came online in 2016. The Watt Barr plant began construction in 1973, but was placed on hold for many years, and thus the cost and incentives for completing the plant are different than the inputs assumed in ReEDS. And ReEDS does not currently have the capability to model nuclear power plant uprates, so that shortcoming is highlighted here. The coal plants that came online (and that ReEDS did not build in the Revised scenarios) reflect that ReEDS does not have hindsight of conditions before 2010 such as high natural gas prices and demand growth that could have made new coal units a cost-effective option. Instead of these coal and nuclear plants, ReEDS chooses natural gas combined cycle plants. From Figure 6 , the sum of the NG-CC, coal, and nuclear capacity in the Prescribed scenario is approximately equal to the NG-CC capacity in the Revised scenarios. Additionally, the results from Figure 6 highlight other aspects of ReEDS operation. The 10 GW of OGS plants are largely coal plants that were converted to run on natural gas, thus becoming natural gas steam plants. ReEDS does not currently have an option to convert coal-fired plants to gas-fired plants, and thus misses these builds. Additionally, ReEDS NG-CT capacity is nearly triple that of what was deployed historically. One reason for that is that ReEDS builds NG-CT capacity instead of the OGS capacity. Another reason is that ReEDS assumes all peak demands are coincident, and thus the peak demand is ReEDS is likely higher than actual peak demand, and therefore ReEDS builds additional NG-CT capacity to meet that higher peak demand requirement. ReEDS also underestimates the "Other" technology category, which includes biomass, land-fill gas, geothermal, and CSP. Geothermal was disallowed by definition in the Revised scenario, and the updated geothermal supply curves from the forthcoming Geothermal Vision Study should address these shortcomings. Land-fill gas generators are not a technology allowed in ReEDS beyond what is prescribed because we have no land-fill gas resource assessment in ReEDS that would say how much resource exits across the country. Biomass and CSP were found to be less cost-competitive than other options in ReEDS. Actual biomass plants that are built usually have site-specific benefits not captured in ReEDS (e.g., a biomass plant that uses waste fuel at low cost). In the case of CSP, new plants were built with higher expected performance or lower expected costs. Figure 7 shows the buildout of the various technologies from 2012-2016. In general, the Revised scenario has wind capacity coming online later than in the Prescribed scenario. In 2012, there was a significant rush to complete wind projects before the expiration of the production tax credit. Because ReEDS does not have policy foresight, it could not see that expiration and choose to build capacity before the incentive expired. By 2016, however, the total wind capacity is nearly the same. This result demonstrates that ReEDS results are often more robust when aggregated over time rather than looking at a single year (e.g., cumulative builds through 2030 is a more robust result than what was built in 2030). ERCOT is essentially the only region whose reserve margin is near or below the NERC-recommended planning reserve margin level, so by using the long-term interconnect average reserve margin, there is additional incentive to add natural gas combinedcycle units, which in turn reduces the value of new wind capacity. In general, the state-level wind results improve with the addition of a $10/MWh hurdle rate, indicating that a stricter transmission implementation can improve the spatial accuracy of the model. Solar capacity is underpredicted in California for two primary reasons: 1) California exceeded its RPS requirement by several percentage points, whereas the Revised scenarios only built out to the minimum PRS requirement, and 2) ReEDS did not find CSP to be a cost-effective option, building extra wind instead of the CSP. With respect to the overcompliance of the California RPS, ReEDS does not have policy foresight to see that the RPS is going to increase (coupled with the anticipated 2016 expiration of the solar investment tax credit), nor does ReEDS have REC banking as an option, so the model does not see any benefit in exceeding the California RPS through 2016. State-level solar deployments in the Southwest also improve with the inclusion of the $10/MWh hurdle rate. Figure 9 and Figure 10 show the total installed capacity and the capacity installed from 2010-2016 in all seven scenarios. These figures illustrate how the various changes we implemented for the Revised scenario impacted model results. With no changes (Default), ReEDS builds very little new capacity because the system is overbuilt relative to the NERC-recommended reserve margin levels. Updating the planning reserve margins in ReEDS to use the long-term interconnect average values (refer back to Figure 2 ) results in substantially more capacity getting built. Changes in finance rates (from a long-term average to a short-term average) and in the availability of low-cost geothermal, hydropower upgrades, and CAES result in more wind and PV development. The reduction of hydropower and geothermal increase the demand for renewable energy credits (RECs) from wind and PV, and the lower financing costs increase the 
Discussion
As seen in the results, one fundamental driver of a model being able to reproduce actual builds is whether or not the model is using the best inputs and assumptions. In its default configuration, ReEDS performed poorly in reproducing actual builds, but as key assumptions were modified, that gap was closed substantially. Additional refinement of assumption and inputs, such as the inclusion of region-specific foresight or nuclear uprates, would likely lead to improvements in accuracy. However, additional model features come with added cost and complexity including the costs from the creation and maintenance of the capability, and the complexity from the increased difficulty in interpreting results while additional drivers are impacting the results.
The goal of this work was not perfect replication of historical grid buildout. ReEDS does not serve as a prediction tool, but rather as an analysis tool where scenarios are typically compared to one another rather than evaluated in isolation. This way of using the tools means that being able to capture the appropriate drivers rather than the exact place and time of the builds tends to be more important. Therefore, the goals of this exercise were to understand what features were missing from ReEDS that might impact long-term solutions, and to provide some quantitative understanding about whether the ReEDS model is capturing overall power sector investment behavior and trends. We identify additional potential drivers of power sector modeling in the Summary and Conclusions section below, but we did not pursue these additional drivers because 1) the Revised scenario buildout was sufficiently close to the Prescribed scenario as to not give us cause for concern in the solution, and 2) the cost of adding and testing many of these features is high, and it is unclear how many of them would be incorporated into the ReEDS forwardlooking projections (as opposed to being used only to test historical years).
Summary and Conclusions
In this work we compared the capacity expansion decisions from the ReEDS model for 2010-2016 against historical build decisions for the contiguous U.S. electricity sector. We found that with the changes implemented, ReEDS was able to reproduce the 2010-2016 buildout with reasonably high accuracy, especially given the large amount of assumptions that were not matched to historical data. The changes that were implemented highlight areas where the ReEDS model can and should be improved:
• Planning reserve margins. ReEDS has traditionally used the NERC-recommended planning reserve margin level for all years, but this validation exercise has demonstrated that using these planning reserve margin levels are insufficient to reproduce historical buildout. We have already implemented this change in ReEDS (Reimers, Cole, and Frew under review2019 ).
• Financing rates. ReEDS has always used long-term average financing rates for inputs, but these rates are significantly higher than current rates. We are currently working on incorporating annual financing rates into ReEDS that will allow the current low rates to ramp up to long-term average rates over time.
• Hydropower upgrade, geothermal, and CAES supply curves. The lowest cost resources on the hydropower upgrade, geothermal and CAES supply curves as so low cost that they get built as soon as the model is allowed to build them. These costs are not necessarily wrong; often there are other factors that restrict the timing of deploying what appears to be a cost-effective resource. The hydropower upgrades are addressed in ReEDS by staging in the available capacity gradually over time based on relicensing schedules (DOE 2016). The geothermal supply curves have been updated as part of the forthcoming Geothermal Vision Study, and those new supply curves address the too-lowcost issues seen here. And the CAES supply curve cost have been based on a Black & Veatch cost report (Black & Veatch 2012) , but through this exercise we are updating those CAES input costs based on a more recent study done by Lazard (Lazard 2016) .
The state-level results showed that the ReEDS results were somewhat improved by adding a cost penalty for moving power between regions, indicating that the overall ReEDS transmission treatment is likely too generous. We have ongoing work to address the treatment of transmission in ReEDS and anticipate that that work will identify how ReEDS transmission should be updated to capture possible flows between regions.
In addition to these key areas of improvement listed above, we also found a number of additional areas where the model could be improved:
• Inclusion of foresight, especially for policies, would lead to an improved solution, especially with respect to the timing of builds. For example, ReEDS underpredicts the wind deployment that occurred in 2012 due to the expiring tax credit, but it could capture that buildout with appropriate foresight.
• REC trading rules can have a large impact on state decisions, but ensuring that all rules are appropriately represented is challenging both in data collection and model implementation. Some resources exist, but because of the continuous evolution of the RPS policies, maintaining the rules over time is a challenge.
• ReEDS gives all technologies the same financing costs, but in reality, each technology has different risk profiles and potential investors that lead to a range of financing costs. • Several build decisions over the past few years, such as the Watts Bar nuclear power plant, are very site or situation specific. Insofar as these specific considerations can be identified, their incorporation can lead to improved results.
• Because ReEDS does not model endogenous retirements, we can only evaluate new build decisions in this exercise. However, retirement decisions are a key aspect of capacity expansion and inclusion of retirement decisions could lead to better model projections.
• Nuclear uprates and coal-to-gas switching are not endogenously modeled in ReEDS and thus can never be chosen as technology options. Inclusion of these technology options would lead to more robust solutions.
• ReEDS only includes "large-scale" state incentives that would apply to many large-scale plants. Overall, we have found the model validation exercise performed here to be important for identifying areas of improvement for the ReEDS model and in giving us confidence in the ReEDS capacity expansion decisions.
8 Appendix Figure 11 . Map of the "NERC" regions at which the planning reserve margin is specified. Figure 12 . Difference between the selected scenarios and the Prescribed Scenario.
